Introduction
During the last 40 years, breeding programmes in developed countries contributed to major changes in the mean values of the dairy cattle populations for a series of traits (e.g. Philipsson et al. 2009 ): spectacular increase in milk yield, increase in both fat and protein contents, increase in adult size, improvement in udder morphology, decrease in female fertility, etc. Several factors allowed the selection each year of a few bulls, each one having a very large number of offspring: a strong collective organization of breeders, the development of on-farm dairy recording, procedures leading to the genetic evaluation of young bulls with a high accuracy (progeny testing and, now, genomic evaluation) and the efficiency and the vastly diffusion possibilities offered by artificial insemination (AI).
It is necessary to maintain a sufficient amount of within-population genetic variability, either to go on selecting the dairy traits or to improve functional traits, as well to preserve a 'core of genes' for traits we might need in the future, but that cannot be foreseen. For the Holstein breed, results obtained in (French Red Pied) . This article also compares the genetic variability of the ex situ (collections of the French National Cryobank) and in situ populations. The results were commented in regard to the recent history of gene flows in the different breeds as well as the existence of more or less stringent bottlenecks. Our results showed that whatever the size of the breeds, their genetic diversity impoverished quite rapidly since 1996 and they all could be considered as quite poor from a genetic diversity point of view. It shows the need for setting up cryobanks as gene reservoirs as well as sustainable breeding programmes that include loss of genetic diversity as an integrated control parameter. different countries, with various indicators, showed that managing the genetic variability of this worldwide breed deserves much attention (e.g. Van Doormaal et al. 2005; Koenig & Simianer 2006; Kim & Kirkpatrick 2009; Danchin-Burge et al. 2011) . It is also needed to monitor the genetic variability within other dairy cattle breeds, as revealed by recent pedigree analyses (e.g. Baumung & Sö lkner 2002; Søren-sen et al. 2005; Mattalia et al. 2006; Mc Parland et al. 2007) .
In the short term, the most effective way to preserve the genetic variability in a selected population is to implement a method intended to optimize the genetic gain on some traits under a restricted rate of inbreeding (Meuwissen 1997) or to minimize the rate of inbreeding under the condition of a given genetic gain (Colleau et al. 2004) . The genetic variability of livestock breeds can also be preserved, thanks to the conservation of biological material (semen and embryos mostly) frozen in liquid nitrogen . This is the main reason for the creation of national cryobanks for livestock species in some countries such as the Netherlands (1993) , the USA (1999) and France (1999) . For instance, six of the eight main French dairy cattle breeds are part of the collections of the French cryobank (for a permanent inventory update, see http://www.cryobank.org).
In the present article, the situation of the eight main French dairy cattle breeds will be analysed in detail. Emphasis will be put on (i) the evolution of the within-population genetic variability over time by comparison with previous studies on the same breeds and (ii) the comparison of the current populations with the ex situ collections that exist in the French cryobank. Indicators based on pedigree data will be used for this study. They allow the assessment of the within-population genetic variability in terms of probabilities of gene origin and of gene identity, the results being valid for any neutral locus without mutation (see, e.g. Boichard et al. 1997; Baumung & Sö lkner 2003) .
Material and methods

Populations studied and data available
Among the various dairy cattle breeds raised in France, eight of them benefit from a breeding programme, with progeny testing of young bulls issued of selective matings.
Some characteristics of these breeds are shown in Table 1 , breeds being ranked by decreasing population size. The Holstein breed (HOL) is the main French dairy cattle breed and is raised in almost all the territories. The Montbé liarde (MON) and Normande (NOR) breeds originate from two different French regions and show different figures: in the last decades, the population size of MON increased, whereas the NOR decreased. At present, MON is raised in a large majority of the territory whereas, NOR is mainly raised in Normandy. Three other breeds, namely the Brown Swiss (BSW), the Simmental (SIM) and the Red Pied (FRP) breeds, are the French nuclei of international breeds and are mainly raised in one or two French regions. The Abondance (ABO) and Tarentaise (TAR) breeds are hardy breeds mainly raised in the French Northern Alps, the farming system involving transhumance between valley and high-altitude pastures (see e.g. Verrier et al. 2005) .
For all these breeds, there are a high number of cows with performance recording (see Table 1 ), and AI is the almost exclusive breeding way. Among these breeds, two of them are completely closed populations (NOR and TAR), the breeding programme of two of them has included the use of North American Red Holstein bulls for a brief period (in the 80s for the ABO and in the late 70s for the MON), and the programmes of the last four breeds (BSW, FRP, SIM and HOL) include the wide extent use of bulls born in several foreign countries.
For breeds benefiting from an organized selection programme (in contrast with rare breeds), the aim of the French cryobank is to preserve the future possibilities for a given population to change its breeding goals, by keeping available representative samples of the different populations at different periods . By January 2009, the cattle species was represented in the cryobank by the semen doses of 750 bulls from a total of 23 different breeds, including six breeds among the eight studied here: HOL (152), MON (105), NOR (165), BSW (25), ABO (48) and TAR (53).
All the pedigree information came from the French national cattle database, called 'Système d'Information Génétique' (SIG), which is used for the national genetic evaluation. The total number of animals in the file is given in Table 1 . The data available for this article are similar to the ones used in previous studies dealing with these eight French breeds, see for more details Maignel et al. 1996; Moureaux et al. 2000; and Mattalia et al. 2006. To compare the ex situ and in situ genetic variability of the breeds under study, we extracted the list of all the cryobank dairy cattle bulls (CBN) in the cryobank database till January 2009. To push further the genetic variability analysis, we sampled from the SIG database a population of active males (AM) with the following criteria: each bull had to be born in France; both parents of the bull were known; each bull had doses sold by a French breeding company during the 2005 ⁄ 2007 period. Some bulls can be part of both male populations, that is, CBN and AM. The average age in 2007 of the male reference populations (CBN and AM) was also calculated.
Analysis of genetic variability
Using the PEDIG software (Boichard 2002 , http:// dga.jouy.inra.fr/sgqa/article.php3?id_article=110), we estimated the genetic variability of each reference population and its evolution over time.
Pedigree depth and indicators computed from the theory of the probabilities of gene origin were analysed for a female reference population of animals (F ref ) , that is cows born from 2004 to 2007 with both parents known, and for two male populations (AM and CBN). The principles of the methods are described in detail in Boichard et al. (1997) , and a detailed view on how they can be applied to animal populations is available in several publications (e.g. Baumung & Sö lkner 2002; Danchin-Burge et al. 2010 ).
Pedigree depth is described by the equivalent generation number (EqG i ) determined for each animal (i). The EqG for each population was computed as the mean of the EqG i .
The generation intervals on the four pathways were estimated as the average birth year difference between parents born in the period 1998-2002 and their reproducing offspring, that is, offspring having themselves at least one offspring known in the database. The average generation interval for each population is defined as the average of the four pathways (Lacy 1989) .
A strong assumption of the whole data analysis is that all founders (i.e. animals with offspring and unknown parents) are non-inbred and non-related. The effective number of founders (f e ) and ancestors (f a ) and number of ancestors contributing the most for a cumulated expected contribution of 50% of the genes (N 50 ) as defined by Boichard et al. (1997) were calculated for the three reference populations (F ref , AM and CBN). The f e ⁄ f a ratio can be used to appreciate the impact of the bottlenecks that have occurred from the founders to the present population (Boichard et al. 1997) : the higher the f e ⁄ f a ratio, the more stringent the bottlenecks. The effective number of ancestors calculated on our female reference population will be compared with results calculated on female reference populations born in the periods 1988-91 (Maignel et al. 1996 ), 1993 -96 (Moureaux et al. 2000 and 2000-03 (Mattalia et al. 2006) respectively.
The evolution of the contributions of the different original gene pools in breeds in which gene introgressions have occurred during a long period (HOL, BSW, SIM and FRP) or on a short period only (MON and ABO) was assessed by using the probability of gene origin and attributing a country or breed of origin to each founder. The contributions were calculated for all the females with two known parents born between 1980 and 2007 included, and averaged by birth year.
The coefficient of inbreeding of each animal in the file was computed by the method of Meuwissen & Luo (1992) . The rate of inbreeding per generation (DF) was estimated using two methods. First, DF was computed on the basis of the classical formula (see, e.g. Falconer & Mackay 1996) : 
where F t is the average coefficient of inbreeding at generation t. The values of F t and F t+1 were computed by simply multiplying the average generation interval and the annual rate of inbreeding estimated by linear regression over time. In our case, t + 1 was chosen as the last birth year of our female reference population, that is, 2007. Second, DF was computed with the method by Gutié rrez et al. (2009). For each animal (i) from the reference cow population, the individual rate of inbreeding from its founders (DF i ) was computed as follows:
where F i is the coefficient of inbreeding of i and EqG i is its individual equivalent generations traced as computed with Equation (1). The global rate of inbreeding (DF) was simply computed as the average of all individual rates of inbreeding (DF i ) of animals in the reference population. The effective population size (Ne) was then computed for each breed with the two estimations of DF according to the classical formula:
A third Ne was computed based on the increase in coancestry following the method by Cervantes et al. (2011) . Considering the coancestry c ij between two individuals i and j, their increase in coancestry Dc ij was calculated as follows:
As population sizes were too large to compute average coancestry on overall population, increases in coancestry were averaged over 100 000 pairs randomly sampled within each female reference population. Realized effective population size based on coancestries N ec was then computed as follows:
The coancestry coefficients within and between the three reference populations (F ref , AM and CBN) were computed and compared with the average coefficient of inbreeding (F) of the F ref population. In addition, Wright's F-statistics (F IS ) were estimated for the F ref population by considering expected heterozygotie as 1-coancestry and observed heterozygotie as 1 ) F respectively (Leroy & Baumung 2011) . F IS values were therefore calculated as:
Results Pedigree depth Maignel et al. (1996) was observed in the FRP breed (+108%). The differences in EqG for this breed over the 1991 ⁄ 2007 period (equal to 3.1) are actually higher than the expected number of generations spent in the time period (equal to 2.5). This raise is undoubtedly because of the completion of pedigrees with information from other countries. For a given breed, the EqG found for the males are always lower than the ones for the female breed populations (Table 1) with the exception of the CBN males for the HOL breed. This result is mostly explained by the average birth date of the different populations, which is lower for the male populations. The generation lengths varies from 5.6 (HOL) to 7.5 (TAR). They are the highest for the two French regional breeds (ABO and TAR). The CBN bulls are older than the AM bulls in the HOL, MON and NOR breeds (cf. Table 1 ). It is probably due to the fact that the dairy cattle collection was started as soon as 2001 with samples from these three breeds. Table 2 shows the results of different criteria derived from the theory of the probabilities of gene origin. For all the populations under study, the f e , f a and N 50 can be considered as small and the contribution of the major ancestor as large when compared with other breeds under selection with similar pedigree depth such as sheep breeds (EqG between 4.6 and 8.1 in Danchin-Burge et al. 2010) or beef cattle Table 2 shows that the highest value of N 50 (18 for the FRP) is not found for the biggest reference population (which is the HOL breed), while the FRP is the second smallest breed according to Table 1 . The male populations, both in situ and ex situ, have lower results in terms of probabilities of gene origins than the female reference populations. However, the ratio between the variability genetic indicators for the female and male populations is much smaller than the ratio between the female and male populations size.
Probabilities of gene origin
These results clearly suggest that a demographic parameter as simple as the actual population size of a breed is not enough to explain or predict the amount of genetic variability. The comparison between the male and female populations strongly suggest that the impact of AI on these breeds is so high that in the long run, the genetic variability of the female population is almost a reflection of the genetic variability of a much smaller population, which is constituted by the AI bulls. In the case of the BSW breed, there is a bigger gap between the f a of the male and female populations than for the other breeds. It is probably due to the fact that farmers are also using AI bulls that are not selected in France, and therefore are not part of the CBN or the AM samples, which leads to more diversity in the female population. On the other hand, the extremely narrow basis of the male population of the ABO breed is noticeable and could lead to a reduction of the genetic variability of the female population.
Since the 80s, the values of f a and N 50 have decreased -sometimes drastically -for all breeds save for the SIM and the BSW (Figure 1 ). Both parameters (N 50 and f a ) are not exactly of the same nature and, comparisons should be done intracriteria. As an example, N 50 is more sensitive to the size of the reference population (Boichard et al. 1997) . From the 1988-91 to the 2004-07 period, the N 50 was reduced by 53% in the NOR, 65% in MON and 72% in HOL. As for the f a , it was reduced approximately by 40% in the ABO and NOR, 50% in the HOL and 70% for the MON. The TAR limited the loss of its already narrow genetic variability to 10%. The case of the FRP is somewhat different as the pedigree knowledge of the breed has risen considerably between the 1988-91 period and the following ones, thanks to the importation of new pedigrees for the breed in the SIG database. Results should be compared within the last three periods only. The ABO, BSW, FRP and SIM breed have equivalent pedigree depth and current population size (Table 1) and therefore, the criteria we obtained based on their pedigree information is comparable without bias. The ABO appears (Table 2 and Figure 1) as the breed that suffered the worst loss of genetic variability and that has the narrowest basealong with the smallest dairy breed under study, the TAR. On the contrary, the results obtained in BSW, FRP and SIM show the highest values of the different indicators of genetic variability. When looking at the influence of various countries or breeds of origins over time (Figure 2) , we have some explanations on the differences found between these four breeds. The ABO shows a specific scenario with the introgression of Red Holstein genes in the late 80s and early 90s, with the proportion of Red Holstein genes reaching the maximum value of 6.7% in 1992, then a constant decrease in this value since (2.2% in 2007). As for the MON, the maximum proportion of Red Holstein genes was reached in 1990 (5.8%) and is decreasing very slowly over the years since. Unlike what happened in the ABO breed, there is not a specific policy to eradicate the Red Holstein genes in the MON breed. Genetic diversity review of 8 French dairy cattle breeds C. Danchin-Burge et al.
The SIM, FRP breeds and to a lesser extent, the BSW breed alternated the stocks of origin of the introgressed genes along the years (Figure 2) . Among the external origins that influenced the FRP breed, the Meuse-Rhine-Yssel breed (MRY) was the first used. Figure 2 clearly shows that the influence of the MRY went down as the influence of the Rotbun breed (from Germany) went up in the 90s, to be progressively replaced by the Red Holstein breed (from the United States). The FRP appears now as a composite breed with external genes originating from the US Red Holstein (40%), the Rotbun (30%) and the MRY (15%) breeds. As for the SIM, the first influence was the Swiss strain, which was progressively replaced by the German strain. In the case of the BSW, it was thought in the 90s that the original European Brown Swiss genes were going to be replaced completely by US and Canadian genes. However, since 1997, the percentage of European genes is steadily growing while the North American genes are stabilizing.
As for the HOL, the percentage of North American genes in the French population is following an asymptotic curve, which is the typical profile of any population where the males used are 100% from another origin. 
Inbreeding, effective population size and kinship
For all breeds, the effective population size calculated from the rate of inbreeding estimated by the Gutié rrez method is always higher than the one estimated by the classical approach (Figure 3) . The discrepancy is growing as the pedigree depth increases, with the exception of the FRP that shows the smallest difference (+23%) after the SIM (+15%) while it is the 6th breed by the value of its pedigree depth. Our belief is that discrepancy is explained by the fact that this breed is the one that gained the most pedigree information since 1980 (+142% between 1980 and 2007, results not shown). On the other hand, the N ec calculated by the Cervantes method is always smaller than the one calculated by the Gutié rrez method, with the exception of the HOL. The comparison between the Ne calculated by the Cervantes method and the classical method shows no tendency.
With the classical approach, five breeds have an effective population size around 50 or lower, which means that they can be considered to be at risk according to the FAO recommendations (FAO, 1998) . The picture is not as dark when considering the Ne calculated with the Gutié rrez or the Cervantes method, and the breeds are not ranked the same except for the breeds with the more genetic diversity, that is, the FRP, SIM and BSW. With the classical approach, the ABO is the breed with the lowest Ne, followed by the TAR, then the MON, HOL and NOR breeds (Figure 3) . Differences between methods, as already observed in the case of two horse breeds by E. Verrier et al. (2011, Unpublished data) , are because of the properties of each estimator. The classical method is calculated on a fixed period (with eventual biases because of the choice of the period) while the Gutié rrez approach takes into account the whole pedigree knowledge (with eventual biases because of the disequilibrium in the pedigree knowledge of the sire and dam pathways). Table 3 shows the average coefficients of kinship computed between the different reference populations. The highest kinship value for the F ref populations is found for the NOR (5.1%), MON (5.0%) and TAR (4.9%) breeds. The value calculated for this last breed is lower in comparison with the NOR and MON breeds, probably because of its lower EqG. The FRP and SIM breeds have the lowest F ref kinship values (respectively 1.9 and 2.3%). As for the parameters of probability of gene origin, the results found from the female populations are quite close to the ones found for the male populations. Also, the kinship between AM is always higher than the kinship between CBN males. This result would lead us to believe that the Cryobank managed to preserve some of the male genetic variability of the dairy cattle breed, by sampling original bulls according to differences in their pedigrees or their extreme index values, despite of the small size of the collection in some breeds. Finally, as shown in Table 3 , all the F IS values are negative, which would imply that there is Genetic diversity review of 8 French dairy cattle breeds C. Danchin-Burge et al.
no substructure in the different breeds (no Wahlund effect).
Discussion
At a time where dairy selection is undergoing a revolution with the genomic selection, it was appropriate to assess the genetic variability of the main French cattle breeds. Since the first assessment of these breeds' genetic variability (Maignel et al. 1996) , a French National Cryobank has been set up as a way to secure the genetic variability of our selected breeds. This article is also an opportunity to compare the genetic variability of the ex situ and in situ populations and see whether the sampling used for the Cryobank is a successful method to preserve the genetic diversity of these breeds. Various studies were published on the genetic variability of livestock species (on sheep: DanchinBurge et al. 2010; on beef cattle: Gutié rrez et al. 2003; etc.) . Some studies are specifically dedicated to dairy cattle (Baumung & Sö lkner 2003; Koenig & Simianer 2006; Mc Parland et al. 2007; Sørensen et al. 2005; etc.) . However, most of them are restricted to the analysis of inbreeding. Yet Boichard et al. (1997) as well as Baumung & Sö lkner (2003) warned about the sensitivity of this parameter to incomplete pedigrees. Boichard et al. (1997) estimated that 10% incomplete data were enough to strongly underestimate inbreeding. According to the same study, the advantage of the theory of the probability of gene origin to assess the genetic variability of a breed is its robustness in comparison with methods based on probability of identity computation (inbreeding). Another way to limit bias because of incomplete data is to compare breeds based on their inbreeding rates or, even better, their rate of coancestry. The results found by the Gutié rrez (inbreeding rates) and Cervantes (coancestry rates) methods are showing some discrepancies. The smallest differences are found for the biggest breeds (HOL, MON and NOR) and could probably be explained by their larger size. Under the assumption of random mating with an infinite population size in equilibrium, inbreeding and coancestry are equal. In the case of smaller populations, in random mating conditions, the percentage of mating between related animals (such as full sibs) is increased. Therefore, any efforts from the farmers to avoid mating between related animals have an impact that can be traced by a growing difference (as the number of reproducers decreases) between average coancestry and inbreeding, such as what is recorded for the SIM and FRP mostly.
The first assessment of the genetic variability of these eight French-selected dairy cattle breeds was already stating the narrow basis of these breeds (Maignel et al. 1996) . This statement is shared worldwide for dairy cattle breeds where AI is used as the main way of reproduction and where the amount of AI doses per bull reaches easily thousands, or even the tens of thousands for the HOL breed. On the basis of these preliminary results, implementations of procedures to minimize inbreeding in sire evaluation programmes (Meuwissen 1997; Colleau et al. 2004) were developed. As there is a global awareness of the dramatic loss of genetic variability of these breeds, it is usually assumed that the setting up of specific genetic programmes (such as 'VAR-GEN' VARiabilité GENétique -genetic variability -a French programme based on the Colleau et al. 2004 method) has slowed down the process. As we have just seen, in the light of our results, there is every reason to believe that the genetic variability of our main dairy cattle breeds is still quickly eroding, with the exception of three breeds (BSW, FRP, SIM). One explanation of the loss of genetic variability monitored in the NOR, HOL, MON, ABO and TAR breeds is the simple fact that their pedigree information was built up over the years. However, it cannot be the only explanation as the loss monitored in the three remaining breeds (BSW, SIM, FRP) is not as stringent. Furthermore, Baumung & Sö lkner (2003) showed that when the equivalent generation level reached a level of 5, an increase in the pedigree information has a small impact on inbreeding evaluation. A more likely explanation would be that the drastic bottlenecks created in the 90s, with the massive use of a single or a few AI bulls (e.g. BOISLE-VIN in the MON breed who sired 46% of the progeny bulls born in 1993 and 1994 or DIAMETRE in the NOR breed who sired 45% of the progenytested bulls born in 1994 and 1995 -Le Mezec 2010), are still having side effects, as these bulls are now the grandfathers or the great-grandfathers of most AI bulls used today. Also, it was expected that the VARGEN program would have long-term effects: the first generation of AI bulls created with this mating plan is only now being used, which means that their offspring were not included in the population under study.
The better results monitored for the BSW, FRP and SIM breeds are multifactorial. These breeds are using AI bulls from various origins and countries, and each breeding programme in the different country have their specificities, which is not the case anymore for the HOL breed for example. As an example, for the BSW, it was expected that following what was happening with the Dutch Friesian that got completely introgressed by the North American Holstein (Vollema & Groen 1996) , the breed would become a North American Brown Swiss. Our results show that as today this is not the case. Also, all these breeds went through major change of orientations over the years, as we saw previously (Figure 2 ), which favoured their genetic variability. The important factor is to alternate gene origins without forcing the elimination of genes of a particular origin. As an example in the ABO breed, in the 90s, Red Holstein genes were introgressed to increase the production level and genetic variability of the breed (Figure 2) . However, the presence of half-bred bulls was not well accepted by the farmers of the breed, which lead a few years later to the riddance of all AI bulls with Red Holstein genes. By doing so, another bottleneck was created in a breed that already had a narrow genetic variability, leading to the low results described in this article.
Outcrossing with other breeds is often offered as way to solve inbreeding effects in a finite population (Blö ttner et al. 2011 ). However, it will imply a very difficult organization, with a rotation on several breeds and finding ways to keep purebred nucleus flocks. Also, we just showed that all French-selected dairy breeds have quite a low genetic variability, and such results are probably identical in other dairy cattle breeds. The outcross population would be inbred quite rapidly (if no specific managements that include loss of genetic diversity as an integrated control parameter are implemented), all the more so since lot of dairy cattle breeds have used the Holstein breed to increase their dairy performance, as we showed in the FRP or ABO breed. Another way out is using the large array of existing tools to preserve genetic variability, which goes from following quite simple demographic rules all the way to quite sophisticated optimization methods (Colleau et al. 2004) .
Finally, we showed that the sampling method used for the French National Cryobank is quite efficient despite the fact it is a fairly new tool, as all collections have a lower kinship with female than the AM * female kinship (Table 3) . However, this kinship is quite higher than the kinship of the female population, which could be already considerate as high, so it seems crucial to protect the last straws from old AI bulls that might still exist as already stated in Danchin-Burge et al. (2011) .
We have shown that the indicators of genetic variability of our eight main dairy cattle breeds have decreased drastically since the first study (1996) that was carried out on the subject, with the exception of three breeds that have recently stabilized their indicators. Given the clarity of these results, there is every reason to believe that the main bottlenecks that were created in the 90s still have a negative impact on the population of cows that was recently born (2004 ⁄ 2007) . On the other hand, it appears likely that by varying the origins of their AI bulls, the Brown Swiss, the French Red Pied and the French Simmental breeds have slowed down the process. We are also presently convinced that the effects of the VARGEN management plan cannot yet be assessed, as the offspring of the first AI bulls created by this programme were born after the population under study.
With the classic selection schemes, the genetic values of the progeny-tested bulls were known very precisely, but this accuracy had a high financial cost. For these reasons, lots of doses were sold for a few bulls, the 'stars' of the progeny testing programmes.
With the arrival of genomic selection, farmers have now access to a wider panel of bulls, whose genetic values are not as accurate as for the classic schemes. In some cases, farmers are buying a 'pack' of sires for which the individual breeding values are not made available to farmers, which should therefore limit the popular sire effect and limit the creation of new bottlenecks.
